Abstract The effect of saxitoxins (STX) on phytoplankton species is poorly understood. To date, no correlation between STX concentrations and phytoplankton physiology has been reported. We investigated the effect of STX (STX+, 0.5-10 μg L −1 total STX) and non-STX (STX−, 0.5-10 μg L −1
Introduction
The potential of cyanobacteria to produce toxins makes their excessive proliferation a serious environmental problem (Chia et al. 2009a, b) . Among the toxins produced by cyanobacteria, saxitoxins (STX) are alkaloids associated with paralytic shellfish poisoning (PSP) in freshwater ecosystems (Al-Tebrineh et al. 2010) . The toxins affect cellular homeostasis by acting on sodium channels in both prokaryotes and eukaryotes (Neilan et al. 2013) . STX are of high ecotoxicological risk due to the toxicity they induce in fish, mussels, copepods, mammals, and birds (Landsberg 2002) . A number of cyanobacteria such as Aphanizomenon flos-aquae, Cylindrospermopsis raciborskii, Lyngbya spp., and Anabaena spp. synthesize STX in freshwater ecosystems. However, the production of this group of toxins tends to be strain specific (Molica et al. 2002; Bernard et al. 2003; Wiegand and Pflugmacher 2005; Al-Tebrineh et al. 2010) . The discovery that C. raciborskii produces STX and cylindrospermopsin has made it an important cyanobacterium to be monitored in aquatic ecosystems. This is due to the increased frequency of its occurrence, scientific interest, improved water quality monitoring, availability of suitable habitat, and in some cases, its invasion of new habitats (Figueredo et al. 2007; Kling 2009; Sukenik et al. 2012) . The cosmopolitan and increasing distribution of C. raciborskii is easily traced to its ecophysiological adaptation and tolerance to changing physicochemical conditions in water bodies (Carneiro et al. 2013) . The strains isolated from South America have been implicated for only STX production (Lagos et al. 1999; Molica et al. 2002; Costa et al. 2013; Hoff-Risseti et al. 2013) .
Although a number of studies have shown that STXproducing cyanobacteria and dinoflagellates exhibit allelopathic effects on phytoplankton species, no direct correlation with STX has been reported (Tillmann and John 2002; Fistarol et al. 2004; Tillmann et al. 2008; Hattenrath-Lehmann and Gobler 2011) . To the best of our knowledge, only one study using Chlamydomonas reinhardtii as a model organism showed that the microalga suffered oxidative stress after exposure to STX (Melegari et al. 2012) . Therefore, generalizations cannot be made for microalgal response to STX based on the findings with C. reinhardtii alone (Perreault et al. 2011; Melegari et al. 2012) . Ecotoxicological investigations that employ microalgae are of great significance because they can demonstrate the toxicity of bioactive compounds on different levels of the food chain. Studies of the effect of STX are important because microalgae possess characteristics such as voltage-dependent ion channels, photosynthetic ability, cellular metabolism, and structural specializations that are different from those found in animals (Wheeler and Brownlee 2008; Taylor 2009 ). This implies that STX interaction with algal cells may be very different from that with animal cells (Taylor 2009; Melegari et al. 2012) .
To date, the ecological role of cyanotoxins remains generally unknown; however, according to one of the hypotheses, they may be associated with phytoplankton competition (BarYosef et al. 2010; . Microcystins (MC) are among the most studied cyanotoxins, and their production has been established to be geared toward giving the producer(s) a competitive advantage over neighboring species (Bittencourt-Oliveira et al. 2015) . Furthermore, as a defense against predation, cyanobacteria (e.g., Microcystis aeruginosa) upregulate the synthesis of MC and other bioactive secondary metabolites (Pineda-Mendoza et al. 2014 ). However, a number of studies exclude this hypothesis due to lack of correlation between the production of MC and the rate of predation (Van Gremberghe et al. 2009; Wilken et al. 2010) . The production of MC has also been shown to be regulated by physicochemical factors as well as the presence of chemical exudates from toxigenic and nontoxigenic algae (Downing et al. 2005; Deblois and Juneau 2010) . Hence, we hypothesize that when threatened by the presence of cyanotoxins like STX, cyanobacteria can respond by upregulating MC synthesis as a defense mechanism.
Successional studies show that the occurrence of Cylindrospermopsis blooms is usually accompanied by the presence of chlorophytes of the genera Monoraphidium and Scenedesmus (Bouvy et al. 1999 (Bouvy et al. , 2006 Kokociński et al. 2010) . Furthermore, there is evidence of the alternation between the dominance of green microalgae and cyanobacteria in different aquatic ecosystems (Zalocar de Domitrovic et al. 2007; Chia et al. 2012) . However, the chemical interactions involved in this successional process are still not comprehensively understood. Previous studies have shown that some green algae are tolerant to MC (Bártová et al. 2011; Campos et al. 2013; Bittencourt-Oliveira et al. 2015) , while not much is known about how STX affect green microalgae.
The objective of this study was to determine the effect of STX and non-STX extracts of C. raciborskii on the growth of green microalgae (Scenedesmus acuminatus and Monoraphidium convolutum) and cyanobacteria (Microcystis wesenbergii and M. aeruginosa). Furthermore, total (intracellular and extracellular) MC production by M. aeruginosa after exposure to STX and non-STX extracts of C. raciborskii was investigated. The results of the present study demonstrate for the first time the effect of STX on different phytoplankton species.
Materials and methods
The phytoplankton strains used in this study were , measured with a LI-COR model LI-250 photometer equipped with an underwater spherical sensor), photoperiod (14:10 h, light/dark), and temperature (24±1°C).
Preparation and quantification of cyanobacterial extracts
The STX and non-STX extract sources were C. raciborskii ITEPA1 and C. raciborskii ITEP31, respectively. Both C. raciborskii strains were obtained from the Cyanobacterial Collection of the Technological Institute of Pernambuco (ITEP), Brazil. The biomass required for extract preparation was obtained by culturing approximately 20 L of each C. raciborskii strain under the controlled conditions stated above. At exponential growth phase, the cultures were centrifuged at 9500 rcf for 15 min at 20°C, and the resulting pellet was lyophilized and stored at −80°C until needed.
Total STX concentration in the STX+ crude extract was determined following the procedures outlined in Oshima (1995) . Briefly, the lyophilized material was extracted in 0.05 N acetic acid. The extract was analyzed using highperformance liquid chromatography (HPLC) equipped with an online postcolumn fluorescence derivatization system (Shimadzu, Japan). The different STX variants were identified and quantified by comparison with the retention time and the areas of standard peaks. The standards (>98 % purity) were purchased from the National Research Council, CanadaCertified Reference Materials Program. The HPLC analysis results showed that dc-saxitoxin (0.41 μg mg C. raciborskii wet weight, respectively. For the non-STX (STX−) treatments, the lyophilized biomass was extracted following the same procedures as the STX+-containing biomass, and the extracts were added to the cultures at equivalent biomass of the STX+ extracts.
Experimental design
The cyanobacteria and green algae were exposed separately to STX+ and STX− extracts for 10 days. The extracts were added to the cultures on day 4 of the experiment. The cultures were maintained in climatic chambers set to luminous intensity of 40 μmol photons m −2 s −1
, photoperiod 14:10 h (light/ dark), and temperature 24 ± 1°C. For each experiment, 1000 mL Erlenmeyer flasks containing 600 mL of ASM-1 culture medium were used. All experiments were carried out in triplicates. The initial cell density for all experimental treatments was 1.0×10 5 cells mL
Determination of cell density and specific growth rates Aliquots (2 mL) were taken every 2 days throughout the experiment and preserved in 10 % Lugol's solution for microscopic analysis. Estimation of cell density was done microscopically using a Fuchs-Rosenthal counting chamber according to Guillard (1973) . In order to obtain reliable results, a minimum of 400 cells were counted to maintain the error within ±10 % (Lund et al. 1958 ).
Specific growth rate (day
) was calculated according to the equation:
where μ is the growth rate, N t is the cell number at time t, and N 0 is the cell number at time zero (right after the inoculation).
Cyanotoxin analyses during culture experiments
Immediately after the addition of the STX+ extract to the cultures, 1 mL aliquots were taken to confirm the concentrations of neo-STX and STX added. In addition, at the end of the experiment, 1 mL aliquots were collected to obtain final neo-STX and STX concentrations. For MC quantification, 1 mL aliquots were taken on days 4 and 14 of the experiment to determine the effect of the different STX+ and STX− treatments on total (intracellular and extracellular) MC production by M. aeruginosa BCCUSP232. All samples for cyanotoxin analyses were stored at −80°C. Just before analyses, the samples were thawed and ultrasonicated for 3 min (15 W and 22.5 kHz) in an ice bath to lyse the cells. The determination of neo-STX, STX, and total MC concentrations was carried out using Beacon ELISA plate kits (Beacon Analytical Systems, USA) specific to each cyanotoxin. All analyses were done following the manufacturer's instructions. The analyses were performed in triplicate and the results were expressed in μg L −1
. STX analyses revealed that neo-STX had the highest degradation (>90 %) at the end of the experiment, while that of STX was lower than 50 % of the initial concentrations in most cases (Table 1) .
Statistical analyses
Biomass production and specific growth rate data were first subjected to normality and homoscedasticity tests. Repeatedmeasures ANOVA and Tukey's tests were carried out to determine significant differences between cell densities and specific growth rates under the different treatment conditions. A correlation-based principal components analysis was used to determine possible relationships between the treatments and the response variables. All analyses were done at 5 % significance level.
Results
The exposure of M. aeruginosa and M. wesenbergii to STX+ extracts resulted in a significant decrease in the cell density of both strains. The STX− extracts caused a slight reduction in the cell density of both cyanobacterial strains (Fig. 1a-d) . Among the green microalgae, only S. acuminatus was significantly affected by both STX+ and STX− crude extracts, while M. convolutum showed no sensitivity to the extracts (Fig. 2a-d) .
The exposure of the green microalgal and cyanobacterial strains to STX− and STX+ resulted in a significant reduction in their specific growth rates especially at the highest concentration (10 μg L −1 ) (Fig. 3) . Among the four strains investigated, S. acuminatus and M. wesenbergii were the most sensitive to the STX+ and STX− extracts. However, the toxic effect of STX+ on the investigated strains was higher than that of the STX− extract.
MC concentrations in M. aeruginosa BCCUSP232 cultures at the end of the experiment were significantly higher than those observed at the point of STX− and STX+ extract addition (Fig. 4) . The higher the STX+ or STX− concentrations, the higher the MC content that was observed.
Principal components analysis (PCA) results of the STX+ and STX− experiments are given in Figs. 5 and 6, respectively. The PCA for STX+ treatments showed that the first two components accounted for over 90 % of the total variation (Fig. 5) . Cell density had a significant negative correlation with neo-STX and STX concentrations, while MC production by M. aeruginosa had a significant positive correlation with neo-STX and STX concentrations. On the second principal component, a negative relationship of total STX (treatments), neo-STX, and STX concentrations with specific growth rates of the two cyanobacterial and two green microalgal strains was obtained. For the STX− treatments (Fig. 6) , MC production by M. aeruginosa was significantly positively correlated with the different STX− extract concentrations. Furthermore, the first two principal components accounted for over 98 % of the total variations.
Discussion
During interspecific competition, the success of phytoplankton species is dependent on their physiological adaptation to changes in the environment or the production of bioactive substances to directly interfere with the growth of competing species (Dunker et al. 2013; Zhang et al. 2013) . The effect of these compounds is contingent on their mode of action and the specific particularities of the species or strain under investigation (Perreault et al. 2011; Melegari et al. 2012 ). Our results indicated potential inhibitory effects of STX− and STX+ extracts on phytoplankton species, when the exposure concentrations were between 5 μg L −1 (or 16.7 nM) STX and above.
In agreement with our findings, Fistarol et al. (2004) and Hattenrath-Lehmann and Gobler (2011) observed that filtrates of STX-and non-STX-producing strains of Alexandrium (dinoflagellate) inhibited the growth of competing species. Our results are slightly different because the STX-containing extracts were more toxic to three out of the four phytoplankton species investigated. Furthermore, Mello et al. (2012) showed that filtrates of STX-producing C. raciborskii not only inhibited growth but also retarded colony formation of M. aeruginosa, while Melegari et al. (2012) demonstrated that purified STX (0.4-3.0 nM) induced oxidative stress in C. reinhardtii after 72 h incubation. Contrary to our findings, Perreault et al. (2011) reported no inhibitory effect of purified STX (2-128 nM) on C. reinhardtii after 96 h exposure. It is important to note that this difference may be because in addition to STX, there were other secondary metabolites present in the extracts used in our study, which probably interacted with STX to influence their effect on the phytoplankton species.
M. convolutum revealed some tolerance to both STX− and STX+ extracts. Unlike the other phytoplankton species investigated, the cell density and specific growth rates of M. convolutum CMEA/UFF0201 were not significantly affected by STX+ and STX− extracts. Recent studies have demonstrated that green microalgae appear to be resistant to a number of cyanobacterial toxins at environmentally relevant concentrations (Babica et al. 2007; Bártová et al. 2011; Campos et al. 2013; Bittencourt-Oliveira et al. 2015) . In addition, Leão et al. (2009) reported that cell-free filtrates of BnontoxicĈ . raciborskii had no significant effect on Ankistrodesmus falcatus and Chlorella vulgaris.
Non-STX-containing extracts of C. raciborskii also inhibited the growth of some of the investigated phytoplankton species.
Different Bnontoxic^strains of this cyanobacterium have been reported to inhibit the growth of phytoplankton species (Suikkanen et al. 2004; Figueredo et al. 2007; Mello et al. 2012) . However, there is growing evidence that the Bnontoxicŝ trains of C. raciborskii may actually produce toxic (or bioactive) but unknown compounds with allelopathic potential (Acs et al. 2013; Poniedzialek et al. 2015). This probably explains why the STX− strain was able to inhibit the growth of the phytoplankton species investigated in our study. However, the inhibition of phytoplankton growth by STX− extracts in our study was lower than that of the STX+ extracts. The greater inhibition by STX+ suggests that there is a STX concentration-dependent toxicity with respect to cell density and specific growth rates. This supports the significant negative correlation found between the concentrations of the different STX variants (neo-STX and STX) with specific growth rate and cell densities of the sensitive phytoplankton strains. Thus, the effects of STX+ extract on the phytoplankton species may be linked to a decrease in the number of cell divisions (HattenrathLehmann and Gobler 2011) . Recent studies have demonstrated that MC are responsible for the formation and maintenance of M. aeruginosa cell colonies (Schatz et al. 2007; Gan et al. 2012; . Increased synthesis of MC has been reported to correlate with increased growth rate in M. aeruginosa, which promotes its competitiveness with other phytoplankton (Orr and Jones 1998; Kaplan et al. 2012 ) and defense against predation (Pineda-Mendoza et al. 2014 ). An inhibition of MC synthesis can lead to a decrease in the fitness of M. aeruginosa population. In this study, the exposure of M. aeruginosa BCCUSP232 to exogenous STX caused an increase in the production of MC. This explains the significant correlation observed between MC production by M. aeruginosa and the concentrations of the different STX variants observed in this study. The increased MC production observed in the present study may have been an adaptive strategy by the cyanobacterium to maintain and possibly increase its growth, under the influence of STX+ and STX− extracts. Another interesting phenomenon was observed with the STX− extracts, where the treatments only had a significant positive correlation with the production of MC by M. aeruginosa but not with its specific growth rates and cell density. Our previous study (Cordeiro-Araújo and Bittencourt-Oliveira 2013) showed that the active release of MC by M. aeruginosa BCCUSP232 was controlled by an endogenous rhythm, which explains the increased concentration of the toxin recorded at the end of the present investigation in all treatments and control. This means the active release of MC by M. aeruginosa was stimulated by the presence of bioactive substances produced by both strains of C. raciborskii.
It is important to note that in vitro studies cannot be directly extrapolated to field conditions. However, the STX concentrations used in the present study are comparable to those obtained under field conditions (Velzeboer et al. 2000) . In addition, the effect of MC on STX-producing and non-STX-producing species remains unknown at the moment, which will form an important subject for future investigations. This is because C. raciborskii co-occurs or alternates with the studied green algae and cyanobacteria species in aquatic ecosystems (Moustaka-Gouni et al. 2007 ). Therefore, there may be several direct interference interactions taking place between these phytoplankton species that are not known at the moment.
In conclusion, our experiments showed that STX− and STX+ crude extracts of C. raciborskii were capable of inhibiting the growth of different phytoplankton species. This study provided for the first time a direct correlation of the presence and concentrations of STX variants with biomass production and specific growth rates of three out of the four phytoplankton species investigated. Furthermore, the STX+ extracts were more toxic to the phytoplankton species than the STX− extracts. In response to the presence of STX+ and STX− extracts, total (intracellular and extracellular) MC production by M. aeruginosa increased as a means maintaining its growth and probably combating the effects of C. raciborskii extracts.
